Introduction {#sec1}
============

Clay minerals belong to important components of soils and sediments having significant impact on soil properties. Owing to their high occurrence in natural deposits and low cost, they are using in numerous industrial, technological, and environmental applications. Specific properties such as layered structure, porosity, and high specific surface area make them very attractive for adsorption, purification, and carbon stabilization processes. Besides, clays are used for pollution control and environmental protection, for example, for pesticide application and control of excess pesticides, in liners for waste disposal and nuclear waste management and also in their application for health and to aid the delivery of drugs.

Clay minerals are categorized to several subgroups, particularly kaolinites and serpentines, pyrophyllite and talc, smectites, vermiculites, chlorites, mica group, and interstratified group.^[@ref1]^ Among them, kaolinite \[chemical formula Al~2~Si~2~O~5~(OH)~4~\] is one of the most used clays in various applications. It belongs to clay minerals of the 1:1 dioctahedral type. In addition, minerals dickite and halloysite belong to this group. Kaolinite and dickite have a lamellar form with planar layers and only difference between them is a layer stacking.^[@ref2]^ In ideal chemical composition, kaolinite layers are neutral; therefore, crystalline structural stability is mainly due to hydrogen bonds and van der Waals forces between neighboring layers. A special case is halloysite, which is a hydrated clay form having water molecules confined between layers.

Despite of extensive applications of clays, investigation of their mechanical properties is still challenging because of their existence as fine polycrystalline grains. For example, only several experimental data can be found in the literature for kaolinite. Moreover, these data scatter a lot (e.g., values of bulk modulus spread over a range 10--60 GPa)^[@ref3]−[@ref6]^ being a consequence of factors such as origin and crystallinity of the samples, porosity, size, shape, and distribution of the grains, strong anisotropy of clays, and/or the methods used in experiment. For example, Prasad et al.^[@ref7]^ measured the elastic Young's modulus using atomic force acoustic microscopy at a nanometer resolution for various positions on the dickite sample. They found that mean values were 5.9 and 6.4 GPa at two different static loads (30 and 45 nN). However, Boussois et al.^[@ref8]^ obtained significantly different values of the Young's moduli for kaolinite (114 and 117 GPa by using nanoindentation, and 98.4 and 93.3 GPa by using ultrasonic echography, determined for parallel and perpendicular directions to layers). An averaged elastic modulus of 140 GPa was obtained by using the atomic force microscopy (AFM) method for a set of tubes with increasing outer diameters of halloysite nanotubes.

Apart from difficulties in experiments, molecular modeling methods offer an effective alternative to experiments in prediction of various mechanical properties of clays "in silico". Predicted properties are usually obtained for perfect periodic 3D structural models and can be considered as limited values of real clay minerals. For example, Sato et al.^[@ref9]^ used density functional theory (DFT) calculations to determine the elasticity tensor of kaolinite. A value of 31 GPa was found for the elastic modulus (in *c* direction) and the bulk modulus was about 23 GPa. Zartman et al.^[@ref10]^ and Militzer et al.^[@ref11]^ studied a relation between elasticity parameters of pyrophyllite, montmorillonite, kaolinite, and muscovite and the distribution and concentration of isomorphic substitutions. Weck et al.^[@ref12]^ studied the relationship between the structure and the thermo-mechanical properties of kaolinite using DFT approach corrected for dispersion interactions (DFT-D2 method). Calculated bulk modulus of 56.2 GPa matched well with the experimental value of 59.7 GPa.^[@ref13]^ Further, the authors calculated the high in-plane modulus of 160.85 GPa along *x* and of 155.61 GPa along *y* directions. Benazzouz et al.^[@ref14]^ found higher values of 187.22 and 192.57 GPa, respectively, using molecular dynamics (MD) simulation based on empirical force-field (FF) description of interatomic interactions. Similar data were found also for mica and montmorillonite by performing macroscale measurements^[@ref15]−[@ref17]^ and verified by multiscale computation.^[@ref10]^

While linear mechanical properties have been studied theoretically, bending properties of clay mineral layers still need to be known,^[@ref18]−[@ref25]^ such as curvature limits, failure mechanisms and the mechanically stored energy. There are some works that evoke the possibility of extreme curvature before failure,^[@ref18],[@ref23]^ undulations property,^[@ref24],[@ref25]^ and other nanoindentation measurements on clay layers.^[@ref22]^ Fu et al.^[@ref26]^ used classical molecular FF-MD simulations, AFM data, and transmission electron microscopy on montmorillonite to describe quantitatively bending properties as a function of radius of curvature. Their results showed that if the bending radius is less than 10 nm, the energy stored by mechanical bending is higher than 40 kJ/kg and 23.9 kJ/dm^3^, respectively. They also found that the smallest observed radius of curvature before failure was 3 nm.

Layer bending is also observed naturally in hollow structures of imogolite^[@ref27]^ and halloysite.^[@ref28],[@ref29]^ Imogolite is composed of a curved octahedral \[Al(OH)~3~\] layer connected with isolated \[SiO~3~(OH)\] tetrahedral units placed above the octahedral vacancy sharing three oxygen atoms with the Al(OH)~3~ layer. Imogolite, together with allophane, can occur in volcanic-ash soils and due to porous structure they can play an important role in biogeochemical processes, for example, in the formation of organo-mineral aggregates.^[@ref30]^

Halloysite belongs to the group of kaolinite minerals and apart from kaolinite and dickite, in the most of the known halloysite structures, layers are rolled forming nanotubes with walls composed from several individual aluminosilicate nanocylinders inserted into each other with an inner diameter of nanotubes of 15--100 nm (depending on the origin of the material).^[@ref31]−[@ref36]^ It was shown that halloysite nanotubes have a high potential to capture CO~2~ due to their hollow structure and thermal resistance.^[@ref37]^ Owing to their unique tubular structure, both imogolite and halloysite are perspective materials for numerous applications, as it was summarized in several review articles.^[@ref31],[@ref33],[@ref36],[@ref38]^ In spite of the interesting structure and properties of the tubular structure, only few modeling works exist that were aimed to explain a nature of rolling of aluminosilicate layers. Structural stability, electronic structure, and mechanical properties of single-walled imogolite^[@ref39]^ and halloysite^[@ref40]^ models as a function of tube radius were investigated with self-consistent charge DFT tight binding method (SCC-DFTB).^[@ref41]−[@ref43]^ Self-rolling mechanism and mechanical response to external compression of imogolite nanotubes were modeled by classical MD.^[@ref44],[@ref45]^ Recently, FF-MD simulations were applied to demonstrate the transformation of a single kaolinite alumosilicate sheet to a halloysite nanotube.^[@ref46]^ However, no DFT studies on nature of the bending of layers in minerals such as halloysite exist so far.

Therefore, the aim of this work is to explain at the atomistic level why in the kaolinite group mineral exist stable clay mineral halloysite, which has, apart from other members, a tubular form (rolled nanotubes) with inner surface of nanocylinders. These surfaces are formed only from basal surface hydroxyl groups of the aluminol sheet. In nature, there is no tubular analog with the inner surface formed from basal surface atoms of the tetrahedral sheet. For this purpose, DFT calculations were performed on several models of stripes derived from the individual kaolinite layer, and the stability of the bending models was measured as a function of the radius of the bending.

Computational Details {#sec2}
=====================

Computational Method {#sec2.1}
--------------------

This work presents results achieved by calculations using the VASP code (Vienna ab initio simulation package)^[@ref47],[@ref48]^ that is developed for electronic structure calculations on periodic structural models and is based on Kohn--Sham formulation of DFT. Particularly, we used Perdew--Burke--Ernzerhof functional^[@ref49]^ and the generalized gradient approximation to calculate exchange--correlation energy. We applied the projector-augmented-wave method^[@ref50],[@ref51]^ with an energy cutoff equal to 400 eV and used atomic pseudopotentials to describe the electron--ion interactions. The structural relaxations were performed with following relaxation criteria---10^--5^ eV for the total energy change and 10^--4^ eV/Å for the forces acting on an atom, respectively. All calculations were limited to Γ-point Brillouin-zone because of using large computational cells.

Stripe Model Construction {#sec2.2}
-------------------------

The structural models of kaolinite layer for bending simulations were built from the known structure of the kaolinite mineral.^[@ref2]^ Individual kaolinite layer is composed from tetrahedral (SiO) and octahedral (AlOH) sheets linked together through bridging (apical) oxygen atoms. Tetrahedral units in the SiO sheet are linked together via corner-sharing oxygen atoms forming distorted hexagonal pattern. Octahedral units in the AlOH sheet form similar distorted hexagonal motif formed from edge-sharing octahedral units. The kaolinite layer is asymmetric having two opposite basal (001) surfaces---at the tetrahedral side the surface is represented by basal oxygen atoms and at the octahedral side by surface hydroxyl groups. Layers in the kaolinite/dickite structure (individual cylinders in halloysite) keep together via hydrogen bonds existing between surface OH groups and basal oxygen atoms (or through water bridges in halloysite).

Using fully cylindrical model even with a single layer wall in periodic DFT calculations is practically impossible with the current computational sources of the highest performance because computational cells would be extremely large (e.g., model with a diameter of 10 nm would contain ∼2000 atoms). Such an approach was used, for example, in the study of tubular models of imogolite^[@ref39]^ and halloysite^[@ref40]^ by the SCC-DFTB method,^[@ref41]−[@ref43]^ which is cost effective approximate but parametrically dependent method, that could lead in some cases to inaccurate results.^[@ref52]^ 2-D periodic model of the waving layer could not be used in our simulations (e.g., as in the classical MD study of bending of smectite layers)^[@ref26]^ due to the asymmetry of the kaolinite layer and/or necessity to use very large computational cells, respectively. Instead of that a stripe model was used in this study. The stripe was cut from single kaolinite layer having 1-D structural periodicity ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). In the second lateral dimension, broken Si--O/Al--O bonds at the edges were saturated by OH/H~2~O species to keep the overall charge neutrality of the stripe. The stripe was placed in a periodic box with a size giving a distance between planar stripes in the neighboring cells of about 1.2 nm. In the perpendicular direction (***c*** lattice vector) to the layer, a vacuum of ∼3 nm was imposed. Prior to cutting the stripe from the single layer, the atoms of this layer were relaxed first in the computational cell including relaxation of the lateral lattice vectors ***a*** and ***b***.

![Selection of stripes.](jp9b11274_0001){#fig1}

Ideal hexagonal symmetry offers two basic options on how to cut a stripe from the layer ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). The first stripe model follows a direction of lattice vector ***b*** (stripe model A in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}), whereas the second stripe model is periodic in a direction of the lattice vector ***a*** (stripe model B in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). The broken edges of the model A have an armchair configuration of the tetrahedral SiO units and imposed bending strain is distributed over a zigzag arrangement of the SiO tetrahedra as it is shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} (octahedral AlOH sheet has similar configuration). The stripe model B has opposite configuration---zigzag edges and bending acted over the armchair arrangement of the SiO tetrahedral units ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). The width of the stripes A and B was similar of about 2.8--2.9 nm.

![Two different types of bending shown on SiO sheet with zigzag (left) and armchair (right) arrangement of building units with respect to imposed bending force. Termination of the edges of the stripes are also drawn. On the model A is shown how bending was performed through sectors depicted as thin dotted lines. Thick dotted line is a center axis of bending. Red circles represent Si atoms fixed during the geometry optimization of the bending models.](jp9b11274_0002){#fig2}

The bending strain was imposed on atoms in the stripe model in a following way (demonstrated on a model A in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). The central line of the stripe was defined (thick dot line in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}), and then several sectors in the directions to the left and right edges were defined (thin dot lines in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). Then, the atoms in a particular sector were rotated in a perpendicular direction to the stripe plane with an angle of *n*·α, where *n* is a number of sectors counted from the center to the left and right, and α is a very small angle, usually 0.03--0.08°, depending on the model. The bending started from the planar optimized configuration of the stripe. Then, first created model with bending was optimized keeping the two Si atoms at the edge of tetrahedra (red balls in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}) fixed to preserve a curvature of the stripe. The other models were created in a stepwise manner, where the geometry of the new model was generated from the optimized geometry of the previous model. In this way, numerous models were generated with an increasing bending. To determine a radius of curvature (*R*~C~), the fitting of a circle equation to the *z* coordinates of the atomic positions of Si (or Al) atoms was performed. As the kaolinite layer is asymmetric, the bending strain was imposed on the stripe in two opposite perpendicular directions to the basal plane of the kaolinite layer. In the first case, SiO tetrahedral units represent inner curvature of the stripe, whereas in the second case inner curvature is represented by the AlOH octahedral units.

Because the kaolinite layer consists from two sheets (tetrahedral and octahedral), we also performed calculations on bending deformation of these two individual sheets. The models were created from the stripe models of kaolinite. The dangling bonds of apical atoms were saturated by protons to keep the SiO and AlOH sheets neutral. As the octahedral (AlOH) sheet is symmetric, the bending deformation was performed only in one direction.

Results and Discussion {#sec3}
======================

[Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} collects all examples of the optimized geometries of two planar stripe models of kaolinite (A and B) with examples of their bending deformation in both directions. The radius of curvature of deformed models shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} is about 2.5--3 nm. The energy of bending deformation is defined as a relative energy (*E*~rel~) and is calculated from a difference between the total energy of the optimized curved stripe model and the total energy of the optimized planar stripe (*R*~C~ = ∞). This bending energy reflects mainly the local changes in the structure (interatomic distances and angles) of the kaolinite stripe upon the external bending strain. The results for all four types of bending deformations for the kaolinite stripe models are shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. The bending energy is plotted with respect to reciprocal value of the curvature radius, *R*~C~.

![Optimized geometries of A and B models of kaolinite stripes for planar and bending configurations (*R*~C~ ≈ 3 nm).](jp9b11274_0003){#fig3}

![Energy of bending for two bending directions of kaolinite stripe models A and B. The energy is relative to the energy of the planar configuration.](jp9b11274_0004){#fig4}

The energy curves of the models A and B (filled circles and diamonds in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}) for bending with the SiO sheet as the inner curvature (left panel in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}) have positive values in the whole range of the bending deformations in comparison to the reference planar model. Their comparison shows similar, increasing nonlinear trend up to a curvature radius of about 7.0 nm. The deformation energy of both models grows in this range up to ∼250 kcal/mol. With further increasing 1/*R*~C~ value, the trends of both curves start to differ ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). For the model A, the increasing nonlinear trend continues reaching the energy of bending of ∼1200 kcal/mol for *R*~C~ of ∼2.8 nm. In contrast to the model A, the energy curve of the bending of the model B shows a minimal growth in a range of *R*~C~ values of 3.3--7.0 nm (1/*R*~C~ range of 0.14--0.29 nm^--1^ in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). Then, for the *R*~C~ \< 3.3 nm, the *E*~rel~ curve starts to increase again reaching a value of ∼500 kcal/mol for *R*~C~ ≈ 2.6 nm. It is more than 3 times less than for a similar point at the energy curve of the model A. The difference between curves of the models A and B can be explained by a different orientation of the ditrigonal pattern of the SiO and AlOH sheets with respect to the external bending force (zigzag arrangement in the model A and armchair arrangement in the model B, [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}) resulting in more effective accumulation of the strain energy by the model B. Particularly, the energy accumulation is reflected in the local structural deformations of the basic structural units of the kaolinite layer, mainly in tilting of the SiO tetrahedra and flattening of the AlOH octahedra. In addition, also changes in the hydrogen bonding (AlO--H···OAl) within the octahedral sheet and/or of the inner OH group to the SiO sheet (AlO--H···OSi~2~) can contribute to the energy accumulation.

The kaolinite layer consists from octahedral and tetrahedral sheets that in the ideal case have a perfect hexagonal arrangement. However, their dimensions do not perfectly fit to each other (hexagonal holes in the tetrahedral sheets are slightly larger than those in the octahedral sheet).^[@ref32]^ In the real kaolinite layer, both sheets are firmly connected through apical oxygen atoms and the structure of both sheets is adapted to each other. The consequence is that the tetrahedral SiO units are mainly tilted and octahedral AlOH units are deformed (flattened) and both sheets have a ditrigonal pattern. The imposed external bending on the kaolinite stripe, in which the SiO sheet forms the inner curvature (left panel in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}), causes the further deformations of the sheets. The tetrahedral sheet is mainly deformed by tilting of the SiO tetrahedral units that are connected through sharing corners occupied by the basal oxygen atoms. Because the SiO bond is strong, the main change is in the Si--O--Si bridging angle. In the armchair arrangement (model B, [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}), the strain energy is relatively regularly distributed over all Si--O--Si angles, whereas in the model A, the angle deformation runs over the zigzag chain, while the Si--O--Si bridges linking two zigzag chains are involved in the energy distribution only minimally ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). The apical oxygen atoms move away from each other with the increasing bending deformation contributing to the shape deformation of the octahedral sheet. Also other atoms of the octahedral sheet move away from each other, resulting in the increasing tensile in the sheet and forming more and more flattened octahedral units. It seems that the adaptation of the structural deformations to the external bending force is more effective in the model B with the armchair arrangement of the structural units than in the model A resulting in a different trend of the energy curves, especially for larger curvatures (*R*~C~ \< 7 nm). It was also observed that the intralayer hydrogen bonding (bonding between the inner OH groups and the apical oxygen atoms of the octahedral sheet) is more effective in the model B than in the model A (e.g., at *R*~C~ ≈ 5 nm an average hydrogen bond length of the model B is ∼2.2 Å in comparison to 2.3--2.4 Å for the model A).

Opposite Bending {#sec3.1}
----------------

The bending force applied on the kaolinite stripe in the opposite direction than in previous case means that the octahedral aluminol sheet represents the inner curvature of the stripe ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}, right panel). In the curved stripe, the octahedral units in the sheet are compressed while the tetrahedral sheet is stretched. The relative energies (open circles and diamonds in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}) of the bending of both models A and B have different trends in comparison to the direct bending (SiO sheet represents inner curvature). The energy curves of the opposite bending of the models A and B have a similar trend. Both curves have two comparable features---flat minimum and a range with a negative energy for a curvature radius *R*~C~ up to ∼5 nm. These features document a flexible structural response of the kaolinite layer to the external bending force. The model A has a deeper energy minimum of about −130 kcal/mol at *R*~C~ ≈ 9 nm in comparison to a minimum of about −70 kcal/mol for the model B at a radius of curvature of ∼11 nm. Obtained radii of the curvature of the optimal bending match with presented experimental data for the inner diameter of halloysite cylindrical particles starting with values from 10 to 15 nm.^[@ref32]−[@ref36]^

There is a long-standing discussion what factors are responsible for the morphological and structural variability of natural halloysites. Except chemical composition and effects of hydration, structural factors of the kaolinite layer are frequently discussed in the literature. In the ideal case of the isolated planar kaolinite layer, tetrahedral and octahedral sheets should have perfect hexagonal pattern. However, the lateral dimensions of both ideal sheets do not match each other and already earlier works supposed that structural deformations of kaolinite layers are mainly attributed to the dimensional misfit between SiO and AlOH sheets, respectively.^[@ref32]^ The ideal tetrahedral sheet is larger having a lateral dimension *b*~l~ (diameter of the hexagonal ring) of 9.164 Å (if Si--O bond is 1.62 Å), whereas Al-dioctahedral sheet has *b*~l~ of about 8.7 Å (as in gibbsite sheet).^[@ref35]^ The consequence of this misfit is that in real structures of kaolinite group minerals, where tetrahedral and octahedral sheets are connected through apical oxygen atoms (O~a~), both sheets undergo deformations. The tetrahedral sheet is ditrigonalized, and tetrahedral building blocks are deformed, tilted, and rotated. Similarly, the octahedral sheet has rotated and deformed (mainly flattened) octahedral building blocks. Thus, in the platy layer of kaolinite mainly rotation, tilting, and deformation of the building blocks are responsible for the accumulation of the structural stress. These structural factors play also important role in the formation of the tubular halloysite layers. In addition, bending (rolling) mechanism of kaolinite layers brings further compensation of the structural stress, in which the AlOH sheet is compressed and forms the inner wall of the cylinder. The SiO sheet is on the outer side having a bit larger diameter than the AlOH sheet. Thus, the misfit between curved tetrahedral and octahedral sheets is smaller than in case of platy sheets and the overall structural relaxation is a combination of the sheets bending (rolling), rotating/tilting, and deformations of the building blocks. The effect of bending is the most intensive in a direction perpendicular to the axis of bending and minimal in a parallel direction ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). It can be expected that the combination of all effects is more efficient for the model A, which has a deeper minimum than the model B ([Figures [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} and [4](#fig4){ref-type="fig"}). The better flexibility of the model A comparing to the model B is also supported by the calculated bending force constants (*k*). For the consistent comparison, the relative energy of bending ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}) was expressed as energy per area because the stripe models A and B differ in the periodicity lattice vector ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). Details on how bending force constants were calculated are summarized in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b11274/suppl_file/jp9b11274_si_001.pdf). The calculated value of the bending force constant (*k*~A~) achieved a value of 10.8 N/m for the model A, whereas the *k*~B~ value of the model B was about 2 times larger (19.1 N/m). However, these data have only an indicative meaning because the bending force constant is dependent on width, length, and radius of curvature/deflection of the aluminosilicate layer that was evidenced by Fu et al. in the modeling study of bending of montmorillonite layers.^[@ref26]^ They obtained a wide range of values from 0.01 to 10.0 N/m for a single montmorillonite layer as a dependence on a model dimension. Indeed, our calculated bending force constants showed that the kaolinite layer with bending across the zigzag arrangement of the SiO tetrahedral units (type A, [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}) should have significantly better flexibility than the layer with the armchair arrangement (type B, [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). The stripe model A has a periodicity in a direction of the ***b*** lattice vector of the kaolinite layer what is in agreement with the fact that in the most of natural tubular halloysite structures the long axis of cylinders is parallel to the ***b*** vector.^[@ref36]^ Tubular halloysite structures with the axis of rolling parallel to the ***a*** vector or other directions exist too but are rarer.

In order to show how structural changes in the individual sheets contribute to the stabilization of the curved structure, the calculations on the bending of the stripes of the individual tetra- and octahedral sheets were performed in a similar manner as on the stripes of the kaolinite layer. Finally, the changes of the important structural parameters of the selected structures of the models of the A type for the opposite bending were analyzed in details.

The bending energy plots for all stripe models of the individual SiO and AlOH sheets are collected in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}. Comparison showed that all curves have a minimum with a negative energy with respect to the platy configuration with the most distinctive trend for the SiO model A with the direct bending (black line in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}, left plot). The differences in the trends of the energy curves (specifically between models A and B, direct bending) can be attributed mainly to the changes in the hydrogen bond network (Figure S2 in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b11274/suppl_file/jp9b11274_si_001.pdf)). The tetrahedral sheet model has apical oxygen atoms terminated by protons to keep the overall neutrality of the model. Created terminal hydroxyl groups (−O~a~H) form a network of hydrogen bonds, which has a different pattern with respect to the axis of bending for the models A and B, respectively. In the platy configuration, hydrogen bonds are of 1.85--2.11 Å length with O~a~H···O~a~ angle of ∼143--149° ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). In the SiO model A, part of the hydrogen bonds is nearly parallel to the axis of bending (Figure S2 in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b11274/suppl_file/jp9b11274_si_001.pdf)) and these hydrogen bonds are only minimally intact upon the bending (both direct and opposite). On the other hand, in the SiO model B, all hydrogen bonds have somehow inclined orientation with respect to the axis of bending. Thus, the O~a~ atoms are moving away from each other upon the increasing bending, and, consequently, hydrogen bonds are weakened and the bending energy increases (left plot in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}, dark gray line). For the opposite bending, the energy curves of both A and B models have a similar trend up to *R*~C~ of ∼3.5 nm ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). Hydrogen bonds formed between terminal O~a~H groups are enhanced upon the bending because apical oxygen atoms are getting closer to each other. For example, hydrogen bonds lengths for a curvature radius of ∼9 nm are of 1.80--1.92 Å ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). Hydrogen bonds in the model B are better adapted to the bending than in the model A what explains a deeper minimum of the energetic curve of the model B in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} (gray line, left plot).

![Bending of stripe models of SiO (left) and AlOH (right) sheets (notice different energy scales). The energy is relative to the energy of the planar configuration.](jp9b11274_0005){#fig5}

###### Important Structural Parameters for three Selected *R*~C~ Values of Opposite A Bending of Stripe Models of Isolated Tetra- and Octahedral Sheets and Kaolinite Layer

                                                                                                                                  kaolinite stripe   
  ----------------------------------------------- ----- --------------------- --------------------------------------------------- ------------------ -----------------------------------------------
  O~a~--O~a~ distance/Å                           ∞     2.7--2.8/3.5--3.6                                                         2.8/3.5             
                                                  9     2.7--2.8/3.4--3.6                                                         2.8/3.5             
                                                  2.5   2.7--2.8/3.3--3.5                                                         2.8/3.3             
  *b*~l~/Å[a](#t1fn1){ref-type="table-fn"}        ∞     9.01--9.05            8.92--9.01                                          9.01--9.05         9.00--9.05
                                                  9     9.05--9.10            8.91--9.31                                          9.05--9.11         8.71--9.05
                                                  2.5   9.05--9.40            8.9--9.1/9.6--9.8[b](#t1fn2){ref-type="table-fn"}   9.05--9.35         7.9--8.1/9.05[b](#t1fn2){ref-type="table-fn"}
  ditrigonalization angles/deg (ideal 120°)       ∞     102--107/133--137                                                         100/140             
                                                  9     101--107/132--137                                                         103/138             
                                                  2.5   103--114/123--134                                                         103/139             
  O~b~--O~a~--O~b~ angle/deg (ideal 70°)          ∞     62--64/75--85                                                             62/83               
                                                  9     61--63/78--82                                                             63/81               
                                                  2.5   62/70--81                                                                 62/76               
  H-bond length/angle (O~a~H···O~a~)/Å/deg        ∞     1.85--2.11/143--149                                                                           
                                                  9     1.80--1.92/134--153                                                                           
                                                  2.5   1.79--1.91/142--148                                                                           
  O--O sharing edge distance/Å                    ∞                           2.38--2.42                                                             2.38--2.40
                                                  9                           2.37--2.41                                                             2.41--2.44
                                                  2.5                         2.33--2.37                                                             2.45--2.53
  surface OH--OH edge distance/Å                  ∞                           2.78--2.88                                                             2.79--2.82
                                                  9                           2.77--2.87                                                             2.77--2.90
                                                  2.5                         2.75--3.02                                                             2.55--2.91
  O--Al--O angle/deg (ideal 90/180°)              ∞                           75--95/165--170                                                        77--95/164--169
                                                  9                           77--97/164--169                                                        77--96/166--172
                                                  2.5                         73--101/160--167                                                       79--99/166--177
  H-bond length/angle (surface OH···O(H))/Å/deg   ∞                           2.45--2.75/131--140                                                    2.5--2.6/135--140
                                                  9                           2.4--2.7/130--140                                                      2.3/2.6//133/144
                                                  2.5                         2.5--2.6/133--137                                                      1.9/2.6//127/153
  H-bond length/angle (O~a~H···O~b~)/Å/deg        ∞                                                                                                  2.46/165
                                                  9                                                                                                  2.51/158
                                                  2.5                                                                                                2.71/142

*b* is lateral dimension of sheets (diameter of ditrigonal ring).

Lower(compressed) and upper(expanded) OH planes.

Comparison of the energy scales in two plots in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} evidences that the tetrahedral sheet is much more flexible than the octahedral sheet. This is not a surprise because the tetrahedral units are linked together only through the corner sharing basal oxygen atoms laying in a plane; thus, so tetrahedral units adapt better to forced bending strain. On the other hand, the plane of the Al atoms in the octahedral sheet model is surrounded by the two planes of the edge sharing oxygen atoms; therefore, upon bending, the inner plane of the oxygen atoms is compressed while the outer plane of the oxygen atoms is expanded. Overall, AlOH octahedral units are deformed (flattened). It is evidenced by the measured O--O distances and Al--O--Al angles in the model A ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). The O--O sharing edge distance decreases with the increasing curvature of the bending. Both surfaces of the AlOH stripe are formed by hydroxyl groups (gibbsite-like layer), and for the platy model, the O--O distances of the surface OH groups are in interval 2.78--2.88 Å ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). This interval extends with the increasing bending documenting that the O--O distances in the inner O(H) plane are shortened, whereas the O--O distances in the outer O(H) plane are expanded. The ideal octahedron has two O--Al--O angles---90 and 180°. A deviation from ideal values indicates a deformation of the octahedral unit. Collected values in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} show that the interval of the smaller angles expands, and the second angle deviates more and more from the ideal case with the increasing bending.

[Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} compares the relative energy of the bending deformation for the opposite bending of the A models of the SiO, AlOH, and kaolinite stripes, respectively (energies of the direct bending are shown in Figure S3 in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b11274/suppl_file/jp9b11274_si_001.pdf)). Evidently, the tetrahedral SiO sheet is very flexible while the octahedral AlOH sheet shows the higher toughness than the kaolinite stripe. Thus, the toughness of the kaolinite layer reflects both mechanical properties of the SiO and AlOH sheets, respectively. The structural data for the opposite bending of the kaolinite stripe models A (three models at RC = ∞, 9, and 2.5 nm) are collected together with the data for the individual SiO and AlOH models in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. While the structural changes of the SiO sheet in the kaolinite model upon the bending are similar to the changes of the individual sheet, the octahedral AlOH sheet of kaolinite behaves differently from the individual AlOH sheet. Let us notice that the SiO tetrahedral units are relatively rigid (e.g., Si--O bonds have only minimal changes, [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}). Two peaks in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"} correspond to Si--O~b~ (1.62 Å) and Si--O~a~ (1.64 Å) bonds. Only for the large curvature (*R*~C~ ≈ 2.5 nm), the SiO tetrahedral units expand as it is obvious from the shape change of the Si--O bond distribution in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}. The increase of the volume of the SiO units is a consequence of the fact that the SiO sheet represents the outer side of the bent stripe and expands upon bending. It is also confirmed by the increasing value of the lateral dimension *b*~l~ ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). In opposite, this parameter for the AlOH sheet (measured for the outer OH plane) decreases with the increasing bending. Another consequence of the bending is also a bit smaller ditrigonalization of the SiO sheet (see angles of ditrigonalization in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). Tilting of the SiO tetrahedral units also decreases upon the bending (see values of the O~b~--O~a~--O~b~ angle in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). It was shown that the AlOH octahedral units in the individual gibbsite-like sheet are flattened upon the bending. However, the structural deformations of the octahedral units in the kaolinite stripe are different comparing to the individual AlOH sheet. The O--O sharing edge distances increase, and the O--Al--O angles are closer to the ideal values ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). The interval of the surface OH--OH edge distances extends with the increasing bending. These changes are very small going from platy to "optimal" bending (minimum at the energy curve of *R*~C~ ≈ 9 nm). It is also evident from the distribution of the Al--O distances ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}). Much more significant changes of the shapes of the AlO octahedral units were observed for the large bending. The AlOH units are compressed (Al--O distances shift to smaller values, [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}) but not evidently flattened ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}).

![Energy of bending for models of individual SiO, AlOH, and kaolinite stripes of model type A for opposite bending direction. The energy is relative to the energy of the planar configuration.](jp9b11274_0006){#fig6}

![Distribution of the Si--O (left) and Al--O (right) bond lengths for three selected bending models of the opposite bending of the kaolinite model A.](jp9b11274_0007){#fig7}

Conclusions {#sec4}
===========

The DFT study was performed on several stripe models of the single kaolinite layer in order to explain how bending deformation can affect the structural stability of kaolinite minerals, particularly tubular forms of halloysite. The calculations explained why halloysite cylinders roll only in one way having octahedral sheet as the inner surface of the nanotubes. The models, in which the inner surface was formed by the SiO tetrahedral sheet, showed significant structural instability with respect to the bending curvature without obtaining any minimum at the energetic curve. On the other hand, for the models with the inner surface represented by the octahedral sheet, stabilization energetic minima were found at curvatures of about 10 nm. These values are close to the experimentally determined inner diameters of halloysite cylindrical particles. The calculations also showed that the models with the zigzag arrangement of the edges have deeper energetic minima comparing to the models with the armchair arrangement what can indicate that the existence of the halloysite cylinders with the zigzag terminations will prevail in natural samples. This observation was also supported by the predicted bending force constants.

Further, we performed also calculations on the individual sheets (tetrahedral and octahedral) of the kaolinite layer and the detailed analysis of the structural changes (bonds, angles, hydrogen bonds, and interatomic distances) as a consequence of the imposed bending strain. We concluded that the decrease of the bending energy and the layer stabilization with respect to the planar configuration for curvatures with radii *R*~C~ \> ∼5 nm can be attributed mainly to three factors---(i) better match between AlOH and SiO sheets, (ii) local structural changes of the SiO and AlOH polyhedral units, and (iii) increasing effectivity of hydrogen bonding formation for outer surface OH groups.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acs.jpcc.9b11274](https://pubs.acs.org/doi/10.1021/acs.jpcc.9b11274?goto=supporting-info).Details on calculation of bending force constants; fitting of quadratic function to calculated bending energy of opposite bending of A and B stripes; hydrogen bond network of the SiO stripes; and SiO, AlOH, and kaolinite bending of the A type ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b11274/suppl_file/jp9b11274_si_001.pdf))
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